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(54)  Method  and  apparatus  for  coating  a  substrate  with  diamond  film 

(57)  The  present  invention  is  directed  to  a  method 
and  apparatus  for  depositing  synthetic  diamond  film 
(120)  on  a  substrate  (110).  More  particularly,  the  inven- 
tion  relates  to  depositing  diamond  film  as  a  coating  on 
substances  that  have  coefficients  of  thermal  expansion 
that  are  not  well  matched  to  the  coefficient  of  thermal 
expansion  of  diamond  film. 

The  method  of  the  invention  includes  the  following 
steps  :  pre-stressing  (125)  the  substrate  to  obtain  a  pre- 
deposition  stress  across  a  surface  thereof;  depositing 
the  diamond  film  on  the  pre-stressed  substrate  surface; 
and  cooling  the  film  and  substrate,  and  relieving  the  pre- 
deposition  stress  during  the  cooling.  The  pre-stress  is 
either  compressional  or  tensile,  depending  on  the  sub- 
strate  coefficient  of  thermal  expansion  being  higher  or 
lower  than  that  of  diamond  film. 
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Description 

FIELD  OF  THE  INVENTION 

This  invention  relates  to  depositing  synthetic  dia- 
mond  and,  more  particularly,  to  depositing  diamond  film 
as  a  coating  on  substances  that  have  coefficients  of 
thermal  expansion  that  are  not  well  matched  to  the  coef- 
ficient  of  thermal  expansion  of  diamond  film. 

BACKGROUND  OF  THE  INVENTION 

Diamond  has  a  number  of  properties  which  make  it 
attractive  for  use  as  a  coating  for  various  materials. 
Among  these  properties  are  extreme  hardness,  inert- 
ness,  and  excellent  transmissivity  of  certain  radiation. 
Diamond  is  also  an  extraordinary  heat  conductor,  ther- 
mally  stable,  and  an  electrical  insulator. 

In  recent  years,  a  number  of  techniques  have  been 
developed  for  depositing  polycrystalline  diamond  film  on 
surfaces  of  various  substances.  One  preferred  tech- 
nique  is  chemical  vapor  deposition  ("CVD"),  for  example 
plasma  beam  CVD  or  microwave  plasma  CVD,  wherein 
plasmas  of  a  hydrocarbon  and  hydrogen  are  used  to 
grow  diamond  film. 

For  certain  applications,  it  may  be  desirable  to 
deposit  synthetic  diamond  on  various  types  of  substrate 
materials.  [As  used  herein,  the  term  substrate  is  used 
generically,  and  can  be  any  suitable  material  of  any  suit- 
able  shape.]  Some  substrate  materials  have  a  coeffi- 
cient  of  thermal  expansion  that  is  relatively  similar  to 
that  of  synthetic  diamond.  When  synthetic  diamond  is 
deposited  at  elevated  temperature  on  such  material, 
and  then  cools  to  room  temperature,  the  relatively  small 
difference  in  coefficient  of  thermal  expansion  between 
the  diamond  film  and  the  substrate  generally  does  not 
give  rise  to  excessive  stresses  at  the  substrate/diamond 
interface  upon  cooling.  However,  if  it  is  necessary  or 
desirable  to  deposit  synthetic  diamond  on  a  substrate 
having  a  coefficient  of  thermal  expansion  that  is  rela- 
tively  dissimilar  to  that  of  diamond  film  (e.g.  more  than 
ten  percent  greater  or  less  than  the  coefficient  of  ther- 
mal  expansion  of  synthetic  diamond),  the  stress  on  the 
diamond  film  that  results  from  incremental  displacement 
of  the  substrate  upon  cooling,  can  have  deleterious 
effects,  such  as  cracking  of  the  diamond  film. 

It  is  among  the  objects  of  the  present  invention  to 
prevent  the  described  type  of  problem  that  can  arise 
when  depositing  diamond  film  on  a  substrate  having  a 
coefficient  of  thermal  expansion  that  is  poorly  matched 
to  diamond. 

SUMMARY  OF  THE  INVENTION 

In  accordance  with  a  feature  of  the  present  inven- 
tion,  a  pre-deposition  stress  is  applied  to  the  substrate. 
Upon  relieving  of  the  pre-deposition  stress  during  cool- 
ing  after  the  deposition,  the  resulting  strain  opposes  and 
compensates  for  the  incremental  displacement  of  the 

substrate  with  respect  to  the  diamond  film  that  results 
from  the  difference  in  the  coefficients  of  thermal  expan- 
sion  of  the  diamond  film  and  the  substrate  material. 

The  present  invention  is  directed  to  a  method  and 
5  apparatus  for  depositing  synthetic  diamond  film  on  a 

substrate.  The  method  of  the  invention  includes  the  fol- 
lowing  steps:  pre-stressing  the  substrate  to  obtain  a 
pre-deposition  stress  across  a  surface  thereof;  deposit- 
ing  the  diamond  film  on  the  pre-stressed  substrate  sur- 

10  face;  and  cooling  the  film  and  substrate,  and  relieving 
the  pre-deposition  stress  during  the  cooling.  When  the 
substrate  has  a  higher  coefficient  of  thermal  expansion 
than  the  diamond  film,  the  pre-stress  is  a  compressional 
stress.  When  the  substrate  has  a  lower  coefficient  of 

15  thermal  expansion  than  diamond  film,  the  pre-stress  is  a 
tensile  stress. 

In  a  preferred  embodiment  of  the  invention,  the  step 
of  pre-stressing  the  substrate  comprises  applying  com- 
pressional  stress  or  tensile  stress  substantially  in  the 

20  plane  of  the  substrate  surface.  In  this  embodiment,  the 
pre-deposition  stress  preferably  results  in  a  strain  mag- 
nitude  of  at  least  1  0"4  in  the  substrate  surface. 

In  a  disclosed  embodiment  of  the  invention,  the  pre- 
stress  is  applied  to  the  substrate  by  bending  the  sub- 

25  strate.  In  another  disclosed  embodiment,  the  pre-stress 
is  applied  by  applying  a  thermal  gradient  across  the 
thickness  of  the  substrate  while  substantially  preventing 
the  substrate  from  bending. 

Further  features  and  advantages  of  the  invention 
30  will  become  more  readily  apparent  from  the  following 

detailed  description  when  taken  in  conjunction  with  the 
accompanying  drawings. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 
35 

Figure  1  shows  a  diamond  film  deposited  on  a  sub- 
strate  having  a  higher  coefficient  of  thermal  expansion 
than  the  diamond  film,  and  the  tensile  residual  stress  in 
the  substrate  that  occurs  upon  cooling  after  deposition. 

40  Figure  2  illustrates  how  a  compressive  pre-stress 
can  be  applied  in  the  situation  of  Figure  1  to  provide  a 
strain  that  compensates  for  the  incremental  contraction 
of  the  substrate. 

Figure  3  shows  a  diamond  film  deposited  on  a  sub- 
45  strate  having  a  lower  coefficient  of  thermal  expansion 

than  the  diamond  film,  and  the  compressive  residual 
stress  in  the  substrate  that  occurs  upon  cooling  after 
deposition. 

Figure  4  illustrates  how  a  tensile  pre-stress  can  be 
so  applied  in  the  situation  of  Figure  3  to  provide  a  strain 

that  compensates  for  the  incremental  relative  expansion 
of  the  substrate. 

Figure  5  illustrates  how  a  tensile  pre-stress  can  be 
applied  to  the  substrate  top  surface  by  bending  the  sub- 

55  strate. 
Figure  6  illustrates  how  a  compressional  pre-stress 

can  be  applied  to  the  substrate  top  surface  by  bending 
the  substrate  in  the  direction  opposite  to  that  of  Figure 
5. 

2 
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Figure  7  illustrates  how  application  of  a  tempera- 
ture  gradient  in  the  thickness  direction  of  a  substrate, 
together  with  constraint  against  bending,  can  result  in  a 
pre-stress  of  the  substrate. 

Figure  8  is  a  flow  diagram  of  the  steps  for  practicing 
an  embodiment  of  the  technique  of  the  invention. 

Figure  9  is  a  diagram  of  a  plasma  jet  chemical 
vapor  deposition  of  a  type  that  can  be  used  in  practicing 
embodiments  of  the  invention. 

Figure  1  0  is  a  cross-sectional  view  of  a  portion  of 
an  apparatus  that  can  be  used  in  practicing  an  embodi- 
ment  of  the  invention  in  which  a  compressive  pre-stress 
is  applied  to  a  substrate  on  which  diamond  film  is  to  be 
deposited. 

Figure  1  1  illustrates  an  embodiment  of  an  appara- 
tus  for  bending  a  substrate  to  apply  a  pre-stress  thereto. 

DETAILED  DESCRIPTION 

Figure  1  is  a  diagram  of  a  substrate  1  1  0  and  a  dia- 
mond  film  1  20  which  has  been  deposited  thereon  at  an 
elevated  deposition  temperature,  typically  at  least 
500°C.  In  the  example  of  Figure  1,  the  substrate  has  a 
higher  coefficient  of  thermal  expansion  (CTE)  than  the 
diamond  film.  If  the  diamond  film  and  the  substrate,  or  at 
least  the  top  surface  of  the  substrate,  are  at  approxi- 
mately  the  same  temperature  upon  completion  of  depo- 
sition,  upon  cooling,  the  substrate,  having  the  higher 
CTE,  will  contract  more  than  the  diamond.  This  incre- 
mental  contraction,  represented  by  the  arrows  115,  puts 
a  compressive  stress  on  the  diamond  film.  The  com- 
pressive  stress,  which  depends  on  the  magnitude  of  the 
CTE  mismatch  and  the  magnitude  of  the  temperature 
excursion  during  cooling,  AT,  may  be  large  enough  to 
crack  or  shatter  the  diamond  film.  In  a  technique  hereof, 
as  illustrated  in  Figure  2,  the  substrate  is  pre-stressed  to 
obtain  a  strain,  upon  release  of  the  pre-stress,  that  com- 
pensates  for  the  anticipated  incremental  contraction 
due  to  thermal  mismatch.  The  pre-stress  is  illustrated  in 
Figure  2  by  the  dashed  arrows  1  25  and  is  seen  to  be  a 
compressive  pre-stress.  Upon  release  of  the  pre-stress, 
the  resulting  strain  in  the  surface  region  of  the  substrate, 
represented  by  arrows  135,  tends  to  expand  the  sub- 
strate  and  to  compensate  for  the  problematic  incremen- 
tal  contraction  of  the  substrate. 

Figures  3  and  4  show  the  opposite  situation  from 
that  of  Figures  1  and  2.  In  Figure  3,  the  substrate  310 
has  a  lower  coefficient  of  thermal  expansion  than  the 
diamond  film  120  deposited  thereon.  In  this  case,  upon 
cooling  of  the  diamond  and  the  substrate  after  deposi- 
tion,  the  substrate  will  contract  less  than  the  diamond 
film.  The  incremental  relative  "expansion"  of  the  sub- 
strate,  represented  by  the  arrows  315  in  Figure  3,  give 
rise  to  a  tensile  stress  on  the  diamond  film.  In  this  case, 
as  illustrated  in  Figure  4,  the  material  of  the  top  surface 
of  the  substrate  is  pre-stressed  to  obtain  a  strain,  upon 
release  of  the  pre-stress,  that  compensates  for  the 
anticipated  incremental  relative  expansion  due  to  ther- 
mal  mismatch.  The  pre-stress  is  represented  in  Figure  4 

by  the  dashed  arrows  325,  and  is  seen  to  be  a  tensile 
pre-stress.  Upon  release  of  the  pre-stress,  the  resulting 
strain  in  the  surface  region  of  the  substrate,  represented 
by  arrows  335,  tends  to  contract  the  substrate  and  to 

5  compensate  for  the  problematic  incremental  contraction 
of  substrate. 

Figure  5  illustrates  a  technique  for  applying  a  ten- 
sile  pre-stress  in  the  top  surface  of  a  substrate  510  by 
bending  the  substrate,  such  as  by  using  forces  repre- 

10  sented  at  551  ,  552,  553  and  554.  The  forces  can  be 
implemented,  for  example,  mechanically  or  by  using  a 
pressure  gradient.  Figure  6  shows  the  opposite  situa- 
tion,  where  the  top  surface  of  a  substrate  610  is  pre- 
stressed  in  compression  by  application  of  forces  repre- 

15  sented  at  651  ,652,  653,  and  654. 
A  compressive  pre-stress  can  be  implemented  by 

applying  a  thermal  gradient  in  the  substrate  thickness 
direction,  while  restraining  the  substrate  from  substan- 
tial  movement  that  would  tend  to  relieve  the  pre-stress 

20  resulting  from  the  temperature  gradient.  This  is  illus- 
trated  in  Figure  7,  which  shows  a  substrate  710 
restrained  from  bending  by  the  combination  of  a  solid 
base  surface  760  below  and  a  force  from  above  repre- 
sented  at  771  ,  772  and  773.  An  arrow  758  represents  a 

25  temperature  gradient  in  the  thickness  direction  of  the 
substrate  710,  with  the  higher  temperature  at  the  top 
surface  of  the  substrate.  The  temperature  gradient 
would  normally  cause  greater  expansion  at  the  top  of 
the  substrate  than  at  the  bottom,  and  would  tend  to 

30  make  the  substrate  bow  into  a  convex  shape  (looking 
from  the  top).  However,  by  preventing  the  temperature 
gradient  induced  stress  from  causing  any  substantial 
bow  of  the  substrate,  a  compressive  pre-stress  results. 
Upon  removal  of  the  temperature  gradient  (e.g.  occurs 

35  when  the  substrate  is  cooled  to  room  temperature  after 
deposition),  the  compressive  pre-stress  is  relieved  by 
an  expansion  of  the  substrate  surface.  For  the  case 
where  the  substrate  has  a  higher  CTE  than  diamond 
film  to  be  deposited,  the  expansion  can  approximately 

40  compensate  for  the  previously  described  undesirable 
incremental  contraction  of  the  substrate  due  to  CTE 
mismatch. 

Referring  to  Figure  8,  there  is  shown  a  flow  diagram 
which  represents  steps  of  an  embodiment  of  the 

45  method  of  the  invention.  The  block  810  represents  the 
providing  of  the  substrate  to  be  coated  with  diamond 
film.  The  block  820  represents  the  determination  of  the 
projected  incremental  strain  of  the  substrate  (with 
respect  to  the  diamond  film)  that  will  occur  upon  cooling 

so  of  the  substrate  and  diamond  film  from  the  deposition 
temperature  to  room  temperature.  This  incremental 
strain,  Ax,  can  be  determined  from  the  coefficient  of 
thermal  expansion  of  the  substrate,  CTES,  the  coeffi- 
cient  of  thermal  expansion  of  the  diamond  film,  CTEd, 

55  and  the  cooling  temperature  excursion,  AT,  as  follows: 

Ax  =  AT  [CTE  s  -  CTE  d]  (1) 

The  incremental  strain  will  be  positive  when  CTES  is 

3 
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larger  than  CTEd,  and  negative  when  CTES  is  smaller 
than  CTEd.  Next,  as  represented  by  the  block  830,  one 
can  determine  the  pre-stress  which,  when  relieved,  will 
compensate  for  the  computed  incremental  displace- 
ment,  Ax.  This  pre-stress,  S,  can  be  computed  from  Ax  5 
and  the  Young's  modulus  of  the  substrate  material,  E, 
and  the  Poisson's  ratio  of  the  material,  v,  as: 

S  =  Ax-E/(1-v)  (2) 
10 

The  block  840  is  then  entered,  this  block  representing 
the  application  of  the  pre-stress  to  the  substrate,  as 
described  herein.  Next,  diamond  film  is  deposited,  at 
the  deposition  temperature  (block  850),  After  deposi- 
tion,  the  pre-stress  is  relieved  while  cooling  the  diamond  is 
film  and  the  substrate  to  room  temperature,  as  repre- 
sented  by  the  block  860.  For  particular  types  of  deposi- 
tion  equipment  or  for  particular  types  of  microstructure 
in  the  coating,  the  steps  840-860  my  be  repeated  sev- 
eral  times.  A  thin  coating  of  a  barrier  or  bonding  material  20 
can  be  placed  on  top  of  the  substrate,  such  as  when  the 
substrate  reacts  unfavorably  with  carbon  or  if  the  sub- 
strate  material  does  not  bond  well  to  diamond.  It  will  be 
understood  that  the  physical  property  constants  in 
equation  (2)  represent  properties  of  the  substrate  mate-  25 
rial  and  not  the  barrier  layer  if  the  coating  is  too  thin  to 
substantially  affect  the  mechanical  properties  of  the 
system. 

The  invention  is  applicable  to  any  suitable  type  of 
diamond  film  deposition  on  a  substrate.  Figure  9  shows  30 
a  diagram  of  a  chemical  vapor  deposition  (CVD)  plasma 
jet  deposition  system  200  of  a  type  which  can  be  utilized 
in  practicing  an  embodiment  of  the  invention.  The  sys- 
tem  200  is  contained  within  a  housing  21  1  and  includes 
an  arc-forming  section  215  which  comprises  a  cylindri-  35 
cal  cathode  holder  294,  a  rod-like  cathode  292,  and  an 
injector  295  mounted  adjacent  the  cathode  so  as  to  per- 
mit  injected  fluid  to  pass  over  the  cathode  292.  A  cylin- 
drical  anode  is  represented  at  291.  In  the  illustrated 
system  the  input  fluid  may  be  a  mixture  of  hydrogen  and  40 
methane.  The  anode  291  and  cathode  292  are  ener- 
gized  by  a  source  of  electric  potential  (not  shown),  for 
example  a  DC  potential.  Cylindrical  magnets,  desig- 
nated  by  reference  numeral  217,  are  utilized  to  control 
the  plasma  generated  at  the  arc  forming  section.  The  45 
magnets  maintain  the  plasma  within  a  narrow  column 
until  the  plasma  reaches  the  deposition  region  60. 
Optional  cooling  coils  234,  in  which  a  coolant  can  be  cir- 
culated,  can  be  located  within  the  magnets. 

In  operation,  a  mixture  of  hydrogen  and  methane  is  so 
fed  to  the  injector  295,  and  a  plasma  is  obtained  in  front 
of  the  arc  forming  section  and  accelerated  and  focused 
toward  the  deposition  region.  The  temperature  and 
pressure  at  the  plasma  formation  region  are  typically  in 
the  approximate  ranges  1500-15,000  degrees  C  and  55 
100-700  torr,  respectively,  and  in  the  deposition  region 
are  in  the  approximate  ranges  800-1  100  degrees  C  and 
0.1-200  torr,  respectively.  Temperatures  in  the  region 
above  the  substrate  are  in  the  approximate  range  1000- 

3500°C.  As  is  known  in  the  art,  synthetic  polycrystalline 
diamond  can  be  formed  from  the  described  plasma,  as 
the  carbon  in  the  methane  is  selectively  deposited  as 
diamond,  and  the  graphite  which  forms  is  dissipated  by 
combination  with  the  hydrogen  facilitating  gas.  For  fur- 
ther  description  of  plasma  jet  deposition  systems,  refer- 
ence  can  be  made  to  U.S.  Patent  No.s  4,471,003, 
4,487,162,  and  5,204,144. 

The  bottom  portion  105A  of  the  chamber  has  a 
base  or  mandrel  1  06  on  which  can  be  mounted  a  sub- 
strate  10  on  which  the  synthetic  diamond  is  to  be  depos- 
ited.  The  base  can  include  a  temperature  controller.  The 
substrate  can,  if  desired,  have  a  prepared  surface. 

Figure  10  illustrates  an  apparatus  and  technique 
that  can  be  utilized  to  maintain  the  substrate  substan- 
tially  flat  during  application  of  a  thermal  gradient,  in 
order  to  apply  a  pre-stress  as  first  illustrated,  for  exam- 
ple,  in  conjunction  with  Figure  7.  The  thermal  gradient 
can  be  applied,  for  example,  by  utilizing  the  heat  from 
the  deposition  source.  In  the  embodiment  of  Figure  9,  a 
mandrel  920  supports  the  substrate  91  0  on  which  dia- 
mond  film  is  to  be  deposited.  The  mandrel  has  a 
number  of  apertures  925  that  underlie  the  substrate.  A 
pressure  differential  can  be  applied  to  substantially  pre- 
vent  the  substrate  from  bending  to  relieve  the  pre-stress 
that  is  applied  by  virtue  of  a  temperature  gradient 
across  the  thickness  of  the  substrate.  In  this  example, 
the  pressure  P2  can  be  maintained  lower  than  the  pres- 
sure  Pi  by  appropriate  vacuum  pumping  of  the  lower 
portion  of  the  deposition  chamber,  as  represented  by 
the  vacuum  pump  950,  which  can  be  part  of  an  overall 
pressure  control  system  of  the  deposition  apparatus. 
After  deposition  of  the  diamond,  the  pre-stress  will  be 
relieved,  by  removal  of  the  thermal  gradient  as  the  sub- 
strate  cools  to  about  room  temperature. 

Figure  1  1  illustrates  an  apparatus  and  technique  for 
applying  a  tensile  pre-stress  to  the  substrate  as  first 
generally  described  above  in  conjunction  with  Figure  5. 
A  rigid  fixture  frame  1  120  of  generally  cylindrical  outer 
shape  has  a  top  inwardly  extending  portion  in  the  form 
of  an  annular  ring  1  125,  the  inner  diameter  of  which  is 
smaller  than  the  diameter  of  the  disc-shaped  substrate 
1110.  [The  fixture  frame  may,  for  example,  be  part  of  the 
base  106  of  the  Figure  9  equipment.]  Mounted  within 
the  fixture  1  1  20  is  a  force  application  member  1  1  30  that 
includes  a  shaft  1131  and  an  upper  cup-shaped  contact 
element  1132.  The  shaft  1131  is  slidable  in  a  hollow 
adjusting  bolt  1140  that  has  outer  threading  which 
engages  inner  threading  of  the  fixture  1  120.  The  adjust- 
ment  bolt  1  1  40  has  a  handle  as  shown  at  1141.  The 
shaft  1131  has  a  collar  1  135,  and  a  coil  spring  1  155  is 
mounted  between  the  collar  1  1  35  and  the  front  edge  of 
the  adjusting  bolt  1  140. 

In  operation,  the  substrate  1110,  upon  which  dia- 
mond  film  is  to  be  deposited,  is  positioned  as  shown  in 
Figure  11,  and  held  between  the  annular  ring  1115  of 
the  fixture  1  1  20  and  the  contact  surface  of  the  force 
application  member  1130.  Using  the  handle  1141,  the 
adjusting  bolt  1140  can  be  tightened,  which  urges  the 
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member  1140  upward  via  the  coil  spring  1155  that 
serves  to  apply  the  desired  force.  Alternatively,  the  force 
can  be  applied  by  a  motor  which  can  be  controlled  auto- 
matically.  As  first  described  in  conjunction  with  Figure  5, 
the  tensile  pre-stress  in  the  top  surface  of  the  substrate  5 
1110  is  released  during  cooling  of  the  substrate  after 
deposition  of  diamond  film  thereon. 

In  one  example  of  an  embodiment  of  the  invention, 
assume  that  diamond  film,  with  a  coefficient  of  thermal 
expansion  of  about  4  •  1  0"6/°C  is  to  be  deposited  on  a  10 
glass  substrate,  which  has  a  higher  coefficient  of  ther- 
mal  expansion  than  diamond;  namely,  about  6  •  10"6/°C. 
[The  CTEs  are  approximate  over  the  temperature  range 
of  interest.]  The  technique  of  Figure  10  can  be  used  to 
prevent  the  substrate  from  bending  while  applying  a  15 
temperature  gradient  through  the  substrate,  such  as  by 
utilizing  the  heat  from  the  deposition  source.  In  this 
example  the  diamond  film  and  the  top  surface  of  the 
substrate  during  deposition  are  at  about  620°C.  The 
bottom  surface  of  substrate  is  maintained  at  about  20 
220°C.  [This  means  that  the  average  temperature  in  the 
glass  substrate  is  about  420°C]  As  previously 
described,  this  results  in  a  compressional  stress  in  the 
top  surface  of  the  substrate.  Upon  cooling  to  room  tem- 
perature,  the  glass  will  cool,  on  average,  by  about  25 
400°C  so  the  substrate  strain  will  be  about  400  •  6  •  10"6 
=  2.4*1  0"3.  The  diamond  film  will  cool  by  about  600°,  so 
the  diamond  film  strain  will  be  about  600*4«10"6  = 
2.4*  10"3.  Accordingly,  in  this  example,  the  incremental 
strain  is  substantially  eliminated,  so  there  is  little  stress  30 
on  the  diamond  film  during  cooling  after  deposition. 

In  another  example,  diamond  film  (coefficient  of 
thermal  expansion  of  about  4  •  1  0"6/°C)  is  deposited  on 
a  Si3N4  substrate  having  a  lower  coefficient  of  thermal 
expansion  than  diamond;  namely,  about  3.5'10"6/°C.  35 
[Again,  the  CTEs  are  approximate  over  the  temperature 
range  of  interest.]  In  this  example,  the  diamond  film  and 
the  top  surface  of  the  substrate  during  deposition  are  at 
about  720°C.  The  cooling  temperature  excursion,  AT,  is 
about  700°C.  Therefore,  using  equation  (1),  the  incre-  40 
mental  displacement  is 

Ax  =  (700)[3.5  •  10  "6  -  4-  10"6] 

Ax  =  (700)(-0.5-  10"6)  45 

Ax=  -3.5*  10"4 

The  negative  value  indicates  that  the  substrate  will  con- 
tract  less  than  the  diamond  film.  Using  equation  (2),  the  so 
tensile  pre-stress,  in  GigaPascals  (GPa),  which  can  be 
applied  using  the  technique  of  Figure  1  1  ,  is 

(3.5  •  10"4)(320  GPa)/(1  -  0.25)  =  0.15  GPa 
55 

where  320  GPa  is  the  Young's  modulus  of  Si3N4  and 
0.25  is  its  Poisson's  ratio.  Therefore,  upon  cooling  of  the 
diamond  film  and  substrate,  and  relief  of  the  pre-stress 
during  the  cooling,  the  incremental  contraction  of  the 

substrate  surface  due  to  relaxation  of  the  tensile  pre- 
stress  will  approximately  equal  the  incremental  contrac- 
tion  of  diamond  film  due  to  its  having  a  higher  CTE  than 
Si3N4,  and  there  will  be  little  stress  on  the  diamond  film 
during  cooling. 

The  invention  has  been  described  with  reference  to 
particular  preferred  embodiments,  but  variations  within 
the  spirit  and  scope  of  the  invention  will  occur  to  those 
skilled  in  the  art.  For  example,  it  will  be  understood  that 
where  a  temperature  gradient  is  used  in  obtaining  the 
pre-stress,  the  gradient  needn't  be  applied  through  the 
entire  thickness  or  across  the  entire  surface  of  the  sub- 
strate,  and  can  be  applied  using  a  laser  or  other  contin- 
uous  or  pulsed  energy  source  that  is  stationary  or 
scanned.  It  can  be  noted  that  if  the  thermal  gradient 
does  not  persist  significantly  throughout  the  substrate, 
then  the  part  of  the  substrate  that  has  relatively  little 
thermal  gradient  may  serve  to  hold  the  top  surface  in  a 
stressed  condition  even  without  external  force.  Such  a 
situation  can  arise  if  the  thermal  gradient  is  generated 
by  a  pulsed  energy  source  whose  duration  is  short  com- 
pared  to  the  time  taken  for  the  whole  substrate  to  reach 
thermal  equilibrium,  or  if  the  heat  extraction  from  the 
substrate  is  substantially  non-uniform,  or  if  the  heat  con- 
ductivity  of  the  substrate  is  a  strong  function  of  temper- 
ature. 

Claims 

1  .  A  method  for  depositing  synthetic  diamond  film  on  a 
substrate,  comprising  the  steps  of: 

pre-stressing  said  substrate  to  obtain  a  pre- 
deposition  stress  across  a  surface  thereof; 
depositing  said  diamond  film  on  the  pre- 
stressed  substrate  surface;  and 
cooling  said  film  and  substrate  and  relieving 
said  pre-deposition  stress  during  said  cooling. 

2.  The  method  as  defined  by  claim  1  ,  wherein  said 
step  of  pre-stressing  said  substrate  comprises 
applying  compressive  stress  or  tensile  stress  sub- 
stantially  in  the  plane  of  said  substrate  surface. 

3.  The  method  as  defined  by  claim  1  ,  wherein  said 
step  of  pre-stressing  said  substrate  comprises 
applying  a  pre-deposition  stress  that  will  result  in  a 
strain  magnitude  of  at  least  10"4  in  said  surface. 

4.  The  method  as  defined  by  claim  2,  wherein  said 
step  of  pre-stressing  said  substrate  comprises 
applying  a  pre-deposition  stress  that  will  result  in  a 
strain  magnitude  of  at  least  10"4  in  said  surface. 

5.  The  method  as  defined  by  claim  1  ,  wherein  said 
diamond  film  is  deposited  at  a  substrate  surface 
temperature  of  at  least  500°C,  and  substrate  com- 
prises  cooling  to  about  room  temperature,  and 
wherein  said  pre-deposition  stress  is  selected  to 

5 



9  EP  0  780 

result  in  a  strain  upon  relieving  of  said  pre-deposi- 
tion  stress  that  opposes  and  compensates  for 
incremental  strain  of  said  substrate  with  respect  to 
said  diamond  film  upon  said  cooling  of  said  film  and 
substrate  to  about  room  temperature  that  results  5 
from  the  difference  in  the  coefficients  of  thermal 
expansion  of  said  diamond  film  and  the  material  of 
said  substrate. 

6.  The  method  as  defined  by  claim  2,  wherein  said  10 
diamond  film  is  deposited  at  a  substrate  surface 
temperature  of  at  least  500°C,  and  substrate  com- 
prises  cooling  to  about  room  temperature,  and 
wherein  said  pre-deposition  stress  is  selected  to 
result  in  a  strain  upon  relieving  of  said  pre-deposi-  15 
tion  stress  that  opposes  and  compensates  for 
incremental  strain  of  said  substrate  with  respect  to 
said  diamond  film  upon  said  cooling  of  said  film  and 
substrate  to  about  room  temperature  that  results 
from  the  difference  in  the  coefficients  of  thermal  20 
expansion  of  said  diamond  film  and  the  material  of 
said  substrate. 

7.  The  method  as  defined  by  claim  3,  wherein  said 
diamond  film  is  deposited  at  a  substrate  surface  25 
temperature  of  at  least  500°C,  and  substrate  com- 
prises  cooling  to  about  room  temperature,  and 
wherein  said  pre-deposition  stress  is  selected  to 
result  in  a  strain  upon  relieving  of  said  pre-deposi- 
tion  stress  that  opposes  and  compensates  for  30 
incremental  strain  of  said  substrate  with  respect  to 
said  diamond  film  upon  said  cooling  of  said  film  and 
substrate  to  about  room  temperature  that  results 
from  the  difference  in  the  coefficients  of  thermal 
expansion  of  said  diamond  film  and  the  material  of  35 
said  substrate. 

8.  The  method  as  defined  by  claim  4,  wherein  said 
diamond  film  is  deposited  at  a  substrate  surface 
temperature  of  at  least  500°C,  and  substrate  com-  40 
prises  cooling  to  about  room  temperature,  and 
wherein  said  pre-deposition  stress  is  selected  to 
result  in  a  strain  upon  relieving  of  said  pre-deposi- 
tion  stress  that  opposes  and  compensates  for 
incremental  strain  of  said  substrate  with  respect  to  45 
said  diamond  film  upon  said  cooling  of  said  film  and 
substrate  to  about  room  temperature  that  results 
from  the  difference  in  the  coefficients  of  thermal 
expansion  of  said  diamond  film  and  the  material  of 
said  substrate.  so 

9.  The  method  as  defined  by  claim  4,  wherein  said 
substrate  has  a  higher  coefficient  of  thermal  expan- 
sion  than  said  diamond  film,  and  wherein  said  pre- 
stress  is  a  compressive  stress.  55 

10.  The  method  as  defined  by  claim  8,  wherein  said 
substrate  has  a  higher  coefficient  of  thermal  expan- 
sion  than  said  diamond  film,  and  wherein  said  pre- 
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stress  is  a  compressive  stress. 

11.  The  method  as  defined  by  claim  4,  wherein  said 
substrate  has  a  lower  coefficient  of  thermal  expan- 
sion  than  diamond  film,  and  wherein  said  pre-stress 
is  a  tensile  stress. 

12.  The  method  as  defined  by  claim  8,  wherein  said 
substrate  has  a  lower  coefficient  of  thermal  expan- 
sion  than  diamond  film,  and  wherein  said  pre-stress 
is  a  tensile  stress. 

13.  The  method  as  defined  by  claim  2,  wherein  said 
pre-stress  is  applied  to  said  substrate  by  bending 
said  substrate. 

14.  The  method  as  defined  by  claim  4,  wherein  said 
pre-stress  is  applied  to  said  substrate  by  bending 
said  substrate. 

15.  The  method  as  defined  by  claim  8,  wherein  said 
pre-stress  is  applied  to  said  substrate  by  bending 
said  substrate. 

16.  The  method  as  defined  by  claim  2,  wherein  said 
pre-stress  is  applied  by  applying  a  thermal  gradient 
across  the  thickness  of  said  substrate  while  sub- 
stantially  preventing  said  substrate  from  bending. 

17.  The  method  as  defined  by  claim  4,  wherein  said 
pre-stress  is  applied  by  applying  a  thermal  gradient 
across  the  thickness  of  said  substrate  while  sub- 
stantially  preventing  said  substrate  from  bending. 

18.  The  method  as  defined  by  claim  8,  wherein  said 
pre-stress  is  applied  by  applying  a  thermal  gradient 
across  the  thickness  of  said  substrate  while  sub- 
stantially  preventing  said  substrate  from  bending. 

1  9.  The  method  as  defined  by  claim  1  6,  wherein  said 
relieving  of  said  pre-stress  comprises  said  cooling 
of  said  substrate  and  film,  whereby  said  thermal 
gradient  is  removed. 

20.  The  method  as  defined  by  claim  1  8,  wherein  said 
relieving  of  said  pre-stress  comprises  said  cooling 
of  said  substrate  and  film,  whereby  said  thermal 
gradient  is  removed. 

21.  The  method  as  defined  by  claim  16,  wherein  said 
pre-stress  is  applied  to  said  substrate  by  applying  a 
thermal  gradient  across  the  thickness  of  said  sub- 
strate  while  substantially  preventing  said  substrate 
from  bending  with  a  pressure  differential  on  oppos- 
ing  surfaces  of  said  substrate. 

22.  The  method  as  defined  by  claim  18,  wherein  said 
pre-stress  is  applied  to  said  substrate  by  applying  a 
thermal  gradient  across  the  thickness  of  said  sub- 
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strate  while  substantially  preventing  said  substrate 
from  bending  with  a  pressure  differential  on  oppos- 
ing  surfaces  of  said  substrate. 

23.  Apparatus  for  depositing  synthetic  diamond  film  on  s 
a  substrate,  comprising: 

means  for  pre-stressing  said  substrate  to 
obtain  a  pre-deposition  stress  across  a  surface 
thereof;  10 
means  for  depositing  said  diamond  film  on  the 
pre-stressed  substrate  surface;  and 
means  for  relieving  said  pre-deposition  stress 
while  cooling  said  film  and  substrate. 

15 
24.  Apparatus  as  defined  by  claim  23,  wherein  said 

means  for  pre-stressing  said  surface  of  said  sub- 
strate  comprises  means  for  applying  compressive 
stress  or  tensile  stress  substantially  in  the  plane  of 
said  substrate  surface.  20 

25.  Apparatus  as  defined  by  claim  24,  wherein  said 
means  for  pre-stressing  said  substrate  comprises 
means  for  applying  a  pre-deposition  stress  that  will 
result  in  a  strain  magnitude  of  at  least  10"4  in  said  25 
surface. 

26.  Apparatus  as  defined  by  claim  24,  wherein  said 
means  for  pre-stressing  said  substrate  comprises 
means  for  bending  said  substrate.  30 

27.  Apparatus  as  defined  by  claim  25,  wherein  said 
means  for  pre-stressing  said  substrate  comprises 
means  for  bending  said  substrate. 

35 
28.  Apparatus  as  defined  by  claim  24,  wherein  said 

means  for  pre-stressing  said  substrate  comprises 
means  for  applying  a  thermal  gradient  across  the 
thickness  of  said  substrate  while  substantially  pre- 
venting  said  substrate  from  bending.  40 

29.  Apparatus  as  defined  by  claim  25,  wherein  said 
means  for  pre-stressing  said  substrate  comprises 
means  for  applying  a  thermal  gradient  across  the 
thickness  of  said  substrate  while  substantially  pre-  45 
venting  said  substrate  from  bending. 

30.  Apparatus  as  defined  by  claim  28,  further  compris- 
ing  means  for  applying  a  pressure  differential  on 
opposing  surfaces  of  said  substrate  to  substantially  so 
prevent  said  substrate  from  bending. 

31  .  Apparatus  as  defined  by  claim  29,  further  compris- 
ing  means  for  applying  a  pressure  differential  on 
opposing  surfaces  of  said  substrate  to  substantially  55 
prevent  said  substrate  from  bending. 

15 
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